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The term epidemiological entomology was ﬁrst coined by
Garrett-Jones over half a century ago1 but has been out of
fashion for far too long.2 In this issue, Sougoufara et al.3 il-
lustrate clearly just how insightful such an approach can be
when applied to characterizing key properties of a dynamic
malaria transmission system before and after the scale-up of
vector control with long-lasting insecticidal nets (LLINs) in
Dielmo, Senegal. Using simple analytical models ﬁrst pio-
neered byGarrett-Jones himself,4 these authors illustrate how
not all may be as it appears based on direct interpretation of
entomological data alone. Allowing for the fact that malaria
transmission requires both humans and mosquitoes to meet
at the same time and place, they show that insecticidal bed
nets failed to provide direct personal protection against more
than one-third of inoculation events at the outset. Even more
worryingly, they demonstrate that this gap in personal pro-
tection is growing as mosquitoes adapt to bed nets being a
normal part of their environment.
The role of human behavior and the protective effect of bed
nets must be accounted for when determining how much
exposure to malaria transmission actually occurs, and where
andwhen it occurs in the presence or absence of a bed net.5–7
Unfortunately, principles of these analytical approaches dat-
ing back to the Global Malaria Eradication Program era have
largely been forgotten. The literature now abounds with mis-
interpreted entomological data, describing the distribution of
mosquitoes caught by human landing catch as a direct rep-
resentation of where and when malaria transmission occurs
and how much malaria people are exposed to. Although a
number of authors have described that more than half of all
transmissions occur outdoors, often at very high entomolog-
ical inoculation rates, these direct interpretations of human
landing catch data are misleading because human partici-
pants in landing catches deliberately behave in two very ab-
normal ways. First, on average, they spend half of the night
indoors and half the night outdoors, with no variation in this
distribution fromduskuntil dawn.Second, theydonot usebed
nets or any other form of personal protection.5,6
The average person needs to sleep for 7–8 hours per night.
Africa’smost important malaria vectors are human specialists
that have evolved to feed most actively in the middle of the
night, when most people are asleep. Although these vectors
have historically had no strong preference for feeding indoors
or outdoors and have been perfectly happy to attack us
wherever they ﬁnd us, it is the preference of humans for the
indoor environment that made it the predominant location
where malaria was transmitted before the introduction of
bed nets.5–7 Most people vastly prefer sleeping indoors at
night, primarily to protect themselves against much larger
threats than mosquitoes. Before the scale-up of bed nets in
recent years, these exceptionally human-adapted vector spe-
cies predominantly encountered and attacked the people of
Africa while they were asleep indoors at night, unprotected,
and vulnerable. Contrary to common perception, the major
vectors of malaria in Africa have never had any strong
preference for feeding indoors, known among entomolo-
gists as endophagy. Instead, they distinguish themselves
from the vast majority of mosquito species by being per-
fectly capable of entering houses, so they can just as
readily feed indoors or outdoors, depending on where
the best opportunities are found. It was, therefore, the
endophily of humans, rather than the endophagy of mos-
quitoes, that caused most historical malaria transmission
to occur indoors.
In addition to accounting for the inﬂuence of human be-
havioral preferences for spending different times of the night
in different places, Sougoufara et al. also account for the
protective effect of bed nets use on exposure levels of village
residents who do not deliberately expose themselves
through human landing catches, a practice that needs to end
sooner or later for obvious reasons.8,9 Accounting for actual
human behavior, truemean exposure levels for bed net users
and entire populations were much lower than unadjusted
estimates based on raw data from human landing catches or
any other trapping method, such as light traps, which oper-
ate outside of a bed net. Also, although outdoor exposure
may have accounted for only one-tenth of transmission in
many parts of Africa before the introduction of bed nets,
that is obviously no longer true. Even assuming no change
in vector behavior from historical African norms, approxi-
mately half of all remaining biting exposure experienced by
bed net users has occurred outdoors.5–7 However, the esti-
mates presented by Sougoufara et al. illustrate how these
documented historical norms merely provide an approxi-
mate baseline for a very limited number of locations. They
cannot be relied on as being representative of any other part
of Africa today, and future behavioral patterns are evenmore
uncertain. Indeed, their estimate that LLINs only provided
direct personal protection against 63% of transmission ex-
posure before scale-up is disappointing, differs from his-
torical norms, and helps explain how residual transmission
persists in Dielmo. It is even more alarming that these esti-
mates declined to only 45% after several years of high LLINs
use. These ﬁndings convincingly illustrate why behavioral
interactions between mosquitoes and humans need to be
continually monitored on a local basis in every African country.
Ideally this needs to be done through nationally representative
surveillance platforms, rather than opportunistic snapshots
from research projects that typically yield intermittent, in-
consistently collected data on limited geographic scales.2,5,7,10
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The scale of thebiological coverage7,11 gap documented by
Sougoufara et al. for LLINs in Dielmo was even greater than
most of us would have expected based on previous data from
other parts of Africa. Although the authors make a laudable
case for continued improvements in LLIN availability and use,
it must also be acknowledged that the humble bed net has
already delivered asmuch as any of us could have reasonably
expected from any single vector control measure.6,7 The ne-
cessity for complementary new vector control tools to sup-
plement and even supersede LLINs12,13 has never been
clearer. Indeed, it is particularly noteworthy that Sougoufara
et al. have generated such worrisome estimates from an ex-
ceptionally well-characterized African setting that has pre-
viously been vaunted as “almost there”with respect tomalaria
elimination.14 The ﬁndings of Sougoufara et al., therefore,
represent awelcome revival ofepidemiological entomology as
a discipline,1,2 which not only informs local, national-scale
action in Senegal, but also provides an invaluable example
for others grappling with similar issues all across Africa.
Received February 22, 2018. Accepted for publication February 22,
2018.
Published online March 26, 2018.
Author’s address: Gerry F. Killeen, Environmental Health and Eco-
logical Sciences Department, Ifakara Health Institute, Ifakara, Moro-
goro, UnitedRepublic of Tanzania, andDepartment of Vector Biology,
Liverpool School of Tropical Medicine, Liverpool, United Kingdom,
E-mail: gkilleen@ihi.or.tz.
This is an open-access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the
original author and source are credited.
REFERENCES
1. Garrett-Jones C, Shidrawi GR, 1969. Malaria vectorial capacity of
a population of Anopheles gambiae: an exercise in epidemio-
logical entomology. Bull World Health Organ 40: 531–545.
2. Killeen GF, Marshall JM, Kiware SS, South AB, Tusting LS, Chaki
PP, Govella NJ, 2017. Measuring, manipulating and exploiting
behaviours of adult mosquitoes to optimize malaria vector
control impact. BMJ Glob Health 2: e000212.
3. Sougoufara S, ThiawO, Cailleau A, Diagne N, Harry M, Bouganali
C, Sembe`ne PM, Doucoure S, Sokhna C, 2018. The impact of
periodic distribution campaigns of long-lasting insecticide-
treated bed nets on malaria vector dynamics and human ex-
posure in Dielmo, Senegal.AmJTropMedHyg 98: 1343–1352.
4. Garrett-Jones C, 1964. A Method for Estimating the Man-Biting
Rate. WHO/MAL/450. Geneva, Switzerland: World Health Or-
ganization, 22.
5. Huho BJ et al., 2013. Consistently high estimates for the pro-
portion of human exposure to malaria vector populations oc-
curring indoors in rural Africa. Int J Epidemiol 42: 235–247.
6. KilleenGF, 2013.Asecondchance to tackleAfricanmalaria vector
mosquitoes that avoid houses and don’t take drugs.Am J Trop
Med Hyg 88: 809–816.
7. Killeen GF, 2014. Characterizing, controlling and eliminating re-
sidual malaria transmission.Malar J 13: 330.
8. Achee NL, Youngblood L, Bangs MJ, Lavery JV, James S, 2015.
Considerations for the use of human participants in vector
biology research: a tool for investigators and regulators. Vector
Borne Zoonotic Dis 15: 89–102.
9. Govella NJ, Maliti DF, Mlwale AT, Masallu JP, Mirzai N, Johnson
PC, Ferguson HM, Killeen GF, 2016. An improved mosquito
electrocuting trap that safely reproduces epidemiologically
relevant metrics of mosquito human-feeding behaviours as
determined by human landing catch.Malar J 15: 465.
10. Govella NJ, Chaki PP, Killeen GF, 2013. Entomological surveil-
lance of behavioural resilience and resistance in residual
malaria vector populations.Malar J 12: 124.
11. Kiware SS, Chitnis N, DevineGJ,Moore SJ,Majambere S, Killeen
GF, 2012. Biologically meaningful coverage indicators for
eliminating malaria transmission. Biol Lett 8: 874–877.
12. Barreaux P, Barreaux AMG, Sternberg ED, Suh E, Waite JL,
Whitehead SA, ThomasMB, 2017. Priorities for broadening the
malaria vector control tool kit. Trends Parasitol 33: 763–774.
13. Killeen GF et al., 2017. Developing an expanded vector control
toolbox for malaria elimination. BMJ Glob Health 2: e000211.
14. Trape JF et al., 2014. The rise and fall of malaria in a west African
rural community, Dielmo, Senegal, from1990 to 2012: a 22 year
longitudinal study. Lancet Infect Dis 14: 476–488.
EDITORIAL 1217
